In this paper, a low-complexity iterative detector with frequency domain equalization is proposed for generalized spatial modulation (GSM) aided single carrier (SC) transmissions in frequency selective channels. The detector comprises three main separate tasks namely, multiple-input multiple-output (MIMO) equalization, active antenna detection and symbol wise demodulation. This approach makes the detector suitable for a broad range of MIMO configurations, which includes single-user and multiuser scenarios, as well as arbitrary signal constellations. Simulation results show that the receiver can cope with the intersymbol interference induced by severe time dispersive channels and operate in difficult underdetermined scenarios where the total number of transmitter antennas is substantially larger than the number of receiver antennas.
I. INTRODUCTION
Generalized spatial modulation (GSM) [1] - [2] is a multipleinput multiple-output (MIMO) scheme that offers a tradeoff between the high spectral efficiency (SE) of full spatial multiplexing MIMO and the low complexity of the single radio frequency (RF) transmitter chain of spatial modulations (SMs) [3] . GSM relies on the use of multiple RF chains in order to support transmission over multiple active antenna elements (AEs). The information is mapped onto a transmit antenna combination (TAC) and on the modulated symbols, thus increasing the SE. Due to the transmission of multiple streams, GSM detection is more complex than SM. While the same symbols can be transmitted on all active AEs [1] , in this paper we are concerned with the higher SE approach where a different symbol is sent on each active AE [2] .
A lot of research efforts have focused on SM and GSM schemes operating in flat fading channels [1] - [6] . However, in broadband systems the channel is often severely time dispersive and leads to high intersymbol interference (ISI) levels. Although orthogonal frequency division multiplexing (OFDM) is very popular for frequency selective environments, the combination with SM sacrifices most of its benefits [7] . A better suited alternative is single carrier (SC) transmission which can potentially avoid the SM-OFDM limitations while also providing higher frequency diversity. Motivated by this, the combination of SC with SM [7]- [9] and GSM [10] - [12] recently started to attract substantial research efforts. Regarding GSM-SC, which is the focus of this paper, a low complexity detection scheme was proposed in [10] . Although it can achieve good performances in several scenarios, it was designed for zero-padded SC (ZP-SC) systems and has a complexity that grows directly with the GSM constellation size, making its application in large-scale systems difficult. In [11] , several tree search algorithms for ZP-SC were proposed and evaluated. They can also achieve good performances but rely on the search over the whole GSM set making them impractical for large-scale systems. In [12] several timedomain turbo equalization detectors were proposed but were designed specifically for application to ZP-SC systems. Regarding cyclic-prefixed (CP) aided SC transmissions, most of the research has been restricted to SM only [7] [9] where the special structure of CP-SC is exploited in order to implement part of the processing in the frequency domain. Against this background, in this paper we extend the approach employed in [6] for GSM-MIMO transmissions in flat fading channels, and develop a detector for CP-aided GSM-SC systems which can be applied in single-user (SU) and multiuser (MU) scenarios. In the proposed detector, the equalization is accomplished in the frequency domain which allows the complexity to remain low even in highly dispersive channels. Furthermore, since the detector separates the tasks of MIMO equalization, active AE detection and symbol wise demodulation, it is suitable for arbitrary SU and MU MIMO configurations with arbitrary signal modulations. Numerical results show that the receiver can cope with high ISI inducing channels and operate in difficult underdetermined scenarios.
Notation: ( . ) T and ( . ) H denote the transpose and conjugate transpose of a matrix/vector,  symbolizes the Kronecker product, || . ||2 is the 2-norm of a vector, supp( . ) returns the set of indices of nonzero elements in x (i.e., the support of x), diag( . ) ,0, ,0, ,0, , 0,
with , p t j s   (j=0,…,Na-1) and  denoting the M-sized complex valued constellation set. The received signal vector in the time domain can be written as
is the vector containing independent zero-mean circularly symmetric Gaussian noise samples with covariance
contains all the channel coefficients of the i th tap and is defined as
and , , i p r u h represents the complex-valued channel gain between transmit antenna u of user p and receive antenna r. Dropping the CP, we can concatenate the received vectors as
where,
The block circulant structure of the channel matrix
where F represents the unitary N×N discrete Fourier transform (DFT) matrix. H is a block diagonal matrix, i.e.,
and ω denoting a N th primitive root of unity. The received block can then be expressed in the frequency domain as 
where   0 0 def      and  denotes the set of valid TACs.
Due to constraints (11) and (12), finding the exact solution requires a computational complexity that grows exponentially with the problem size making it most often impractical.
III. FREQUENCY DOMAIN GSM DETECTOR
In this section, we apply a generalized version of the alternating direction method of the multipliers (ADMM) [14] as a heuristic to provide good quality solutions with reduced complexity for the MLD problem. Firstly we encode constraints (11) and (12) into (9) and rewrite the problem as
where
. Then, the augmented Lagrangian function (ALF) can be written as • Step 2: Minimization of the ALF over x. This step reduces to
Step 3: Minimization of the ALF over z. In this case we get in order to obtain 0 x and 0 z . 0 U and 0 W can be set as 0. To improve the chance of finding the optimal solution the algorithm can be run multiple times with different initializations [14] . The penalty coefficients, 
IV. NUMERICAL RESULTS
In this section, we evaluate the performance of the proposed detector using Monte Carlo simulations. An uncoded MU SC system with N=128, a block duration of 67μs and a CP with 16.7μs was considered. The adopted channel model was the Extended Typical Urban model (ETU) [15] (similar conclusions could be drawn for other severely time-dispersive channels). All the channel coefficients were independently drawn according to a zero-mean complex Gaussian distribution. Randomly selected modulated symbols were transmitted on the active AEs with 
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. As a reference, MMSE curves are also included. We can observe that the proposed receiver is able to effectively cope with the ISI induced by the channel and at the same time detect the GSM symbols, providing very significant gains over the MMSE (10 dB for QPSK and 20 dB for 64-QAM at a BER of 10 -4 ). Fig. 2 illustrates the impact of changing the loading factor (defined as Nu/Nrx) on the SNR required to achieve a target BER of 10 -4 when Nrx=32. Three different configurations with the same SE of 6 bpcu per user are considered. The proposed receiver is employed for all setups, including the case Ntx=Na=1 (conventional MU MIMO). For low loads, the use of GSM has a clear performance advantage over the conventional MU system. For loads above 0.25, the GSM systems becomes underdetermined (Ntx>Nrx) and, even though the proposed receiver is still able to perform well, the SNR degradation becomes sharper until the point where the BER of 10 -4 becomes unreachable. In this high-load region, the conventional MU setup becomes a better performing solution.
V. CONCLUSIONS
This paper presented a novel iterative detector for SC-GSM transmissions in frequency-selective channels which accomplishes reduced complexity implementation through frequency domain equalization. Numerical simulations show that the proposed receiver can effectively cope with the ISI induced by severe time dispersive channels and operate in difficult underdetermined scenarios. The inherent splittingbased design of the algorithm allows it to easily deal with GSM based transmissions, which can be more attractive in low load scenarios, and switch to conventional MU detection whenever the load becomes high. Fig. 1 . BER performance of a multiuser SC-GSM-MIMO system with Nu=12, Ntx=7, Na=2, Nrx=84 and different modulations. 
